Heating aid benefit depends primarily on the extent to which amplification facilitates speech understanding in typical everyday listening environments. In the heating aid fitting process, improved speech understanding is often measured in an audiometric test room. However, because audiometric test rooms are smaller, quieter, and less reverberant than typical rooms, these data may not accurately predict speech understanding in daily life. This study was undertaken to evaluate the validity of three simulated real-world listening environments created in an audiometric test room. The three environments represented a typical living room, cocktail party, and classroom, respectively. Twenty normal-hearing subjects, listening monaurally, provided intelligibility scores for four phonetic contrasts produced by each of three normal talkers. Intelligibility obtained in the real environment was compared with that measured in the corresponding simulated environment. Results indicated that the relative intelligibility of talkers and phonetic contrasts remained essentially constant across each realsimulated environment pair, and that significant talker X contrast interactions seen in the real environments were usually reproduced in the simulated environments. However, there were somewhat fewer significant intelligibility differences in the simulated environments than in the real environments. Also, the intelligibility of one talker deteriorated more than expected in the simulated reverberant environment. Overall, the outcome suggested that these typical listening environments were rather accurately simulated (for monaural listening) in an audiometric test room using appropriate adjustments of presentation level, signal-to-babble ratio, and synthetic reverberation effects. noise level that is much lower than found in everyday listening. In addition, the reverberation time is much shorter (0.1-0.2 s ) and the spacing of reflections is more dense than found in typical rooms. These conditions produce a listening environment that is probably never experienced by the hearing aid wearer outside of the audiology clinic.
INTRODUCTION
For individuals with mild to severe hearing loss, hearing aid benefit is determined principally by the extent to which speech communication ability is improved in daily life (Barcham and Stephens, 1980; Golabek et al., 1988; Hagerman and Gabrielsson, 1984) . It is not surprising, therefore, that there has always been a lively interest in developing clinical procedures to predict the amount of improvement in speech understanding that will be associated with a hearing aid fitting. Nevertheless, numerous investigators have reported that clinical measurements of the intelligibility or quality of amplified speech are only marginally predictive of the benefit people will receive from their hearing aids in daily life (e.g., Kapteyn, 1977; Harris and Goldstein, 1979; Walden et al., 1983) . The apparent discrepancy between clinically measured benefit and real-world benefit must be due at least partially to inadequate clinical test methods.
One of the factors identified as contributing to the inaccuracy of clinical predictions of hearing aid benefit is the listening environment in which speech understanding tests are often conducted (e.g, Harris and Reitz, 1985) . Hearing aids are typically selected and evaluated in audiometric test rooms. These small sound-treated rooms have an ambient noise level that is much lower than found in everyday listening. In addition, the reverberation time is much shorter (0.1-0.2 s ) and the spacing of reflections is more dense than found in typical rooms. These conditions produce a listening environment that is probably never experienced by the hearing aid wearer outside of the audiology clinic.
These limitations have been recognized for many years and efforts have been made to compensate for them. The most common approach has been to add a competing noise or multitalker babble to the target speech to simulate a noisy environment such as a cocktail party. Because the cocktail party type of situation is often identified as the most problematic for hearing aid wearers, documentation of improved speech understanding in this situation is frequently a cornerstone of hearing aid selection procedures. Unfortunately, hearing aid users consistently report that, despite improvements measured in the clinical setting, they realize little or no benefit from amplification in noisy everyday environments (e.g., Scherr et al., 1983; Walden et al., 1984; Lynn and Lesner, 1990 ). This has led to an interpretive dilemma: Is the lack of reported benefit due to an inability of hearing aid wearers to judge benefit, or was the clinically measured benefit invalid due to inappropriate test methods? In a recent study, Cox and Alexander (1991) measured heating aid benefit in real everyday environments, including a cocktail party type of setting. They reported that, when hearing aid wearers listened to speech in the real environment and used their hearing aids in their preferred manner, benefit was close to zero. This bolsters the validity of the self-assessed benefit data and suggests that some clinical methods used to predict hearing aid benefit in noisy settings may be invalid.
Reverberant listening environments also significantly degrade speech intelligibility and limit hearing aid benefit.
The distortions associated with reverberation involve temporal smearing of speech elements, whereas those associated with background noise produce simultaneous masking. Because of this basic difference, it has been proposed that reverberation produces speech perception errors that are distinct from those produced by noise. Recent studies have tended to support this hypothesis (Nabelek and Dagenais, 1986 conditions. In the latter study it was noted that the electronically produced reflections were nonrandom and thus not similar to those produced in real rooms. Overall, these studies suggested that speech understanding measured in simulated reverberant environments in audiometric test rooms may not validly predict speech understanding in typical realwork reverberant conditions.
Although it has been evident for some time that hearing aid benefit varies as a function of listening environments, this issue has not been addressed in hearing aid fittings until recently. Technological advances have made it possible to produce hearing aids that respond adaptively to the acoustic environment using algorithms that are intended to reduce the deleterious effects of ambient noise and/or reverberation. Furthermore, multimemory hearing aids can now be programmed to perform as several distinctly different instruments, depending on the user's choice. These capabilities have created a demand for convenient and valid methods to predict speech understanding in typical real-world listening environments. Such methods are needed so that fitting strategies for these more sophisticated hearing instruments can be refined and individualized.
Based on these considerations, the present study was undertaken to evaluate the validity of simulated real-world listening environments created in an audiometric test room. The long-term goal was to develop environment simulations that would produce the same effects on speech understanding as produced by the real environments. In previous studies, we have defined and evaluated three basic listening environments for speech communication (e.g., Cox (1984) suggest that these three environments place distinctly different demands on the listener and together represent a large proportion of the everyday listening situations experienced by the typical hearing aid wearer. In the present study, understanding was measured for speech material recorded in each of the real environments and for the same speech material presented in the corresponding environments simulated in an audiometric test room. An analytic speech understanding test was used so that effects on intelligibility of specific phonetic contrasts could be compared in real and simulated environments. In addition, the target speech was produced by three talkers known to differ in intelligibility in real environments. The research questions were as follows. (Boothroyd, 1985) to quantify the intelligibility of six normal talkers in four typical listening environments (including the three environments used in the present study). Master recordings of the SPAC test were generated by each talker in a quiet, nonreverberant environment (see Cox 
Real environments
Environments A and C were implemented in a 5.8 X 6.1 X 2.6-m room, which contained carpeting, window drapes, and upholstered furniture. The talker-listener distance was Reverberation time (RT6o) was determined in each real environment by energizing the rooms using narrow bands of random noise. At each frequency, the RT6o was extrapolated from the reverberation decay in the -5-to -25-dB range. Spatial averaging was performed across three measurement positions. Table I 
Simulated environments
The three real environments were simulated in a 1.9X 1.8 X 1.9-m audiometric test room lined with sound-absorbing foam. Reverberation time as a function of frequency is given in Table I ( 1 ) RT6o as a function of frequency, (2) the level of reverberant effects compared to the level of the direct sound (the mix of direct and reverberant sound was selected using a scale from "0" to "10" in which, nominally, "0" yielded direct sound only and "10" yielded reverberant sound), and ( 3 ) appropriate spacing of early reflections (estimated from the size of the real rooms). Reverberation times for the simulated environments were quantified by observing the decay of abruptly terminated processed (i.e., artificially reverberated) noise bands at the subject's position in the sound field. As in the real environments, RT6o was extrapolated from the decay in the --5-to --25-dB range. These values are shown in Table I. Although the real room used for environments A and C was about as reverberant as a typical living room, the location of the listener (well inside the critical distance) suggested that the level of reverberant effects would be very low relative to the direct sound. Spectrographic analyses of the real environment recordings confirmed this: there was no evidence of the prolongation of speech elements that is characteristic of reverberation effects. To simulate these environments, the reverberator was configured to produce and average RT6o of 0.4 s. As shown in Table I --1, --4.6, --3.9, and --11.3 dB, respectively, relative to the direct sound. Later reflections were dense and random and decayed gradually in a manner similar to real rooms. The reverberant effect was distinctly audible.
C. Talkers
Three of the original six talkers were selected for this study. They were referred to as talkers 2, 4, and 5 by Cox et al. (1987) and they retain the same designations here. In the earlier study, talker 4 was significantly more intelligible than talker 5 in all environments. Talker 2 was significantly more intelligible than talker 5 in environments A and C but not in environment B. Therefore, talkers 4, 5, and 2 were chosen to represent high intelligibility, low intelligibility, and environment-dependent intelligibility, respectively.
Long-term average one-third octave speech band spectra for the three talkers are illustrated in Fig. 1 . Articulation rates for the test sentences were 3.4, 3.3, and 3.6 syllables/s for talkers 2, 4, and 5, respectively. Talkers 2 and 5 were male, talker 4 was female.
•. Subjects ally to subjects via an insert earphone (Etymotic Research ER-2) coupled to the ear canal using a compressible foam ear plug. Playback levels were calibrated using an ear simulator coupler. In the frequency range from 150 Hz-10 kHz, the spectrum and level of the signal delivered to the average subject were equal to those that would have occurred if the subject had been actually located in the environments where the recordings were made. To measure intelligibility in the simulated environments, the multitalker babble and digitized master recordings were replayed, processed by the reverberator, and delivered in the sound field at the SBR experienced by the listeners in the corresponding real environment. The subject listened monaurally; the nontest ear was plugged.
Delivery and scoring of the test items were controlled by an IBM-AT class microcomputer system. For both real and simulated environment conditions, the subjects were seated in the audiometric test room, facing a 13-in. monitor screen. For each item, the four alternatives were displayed on the screen and the subject keyed in a response on a small handheld keypad.
Experimental variables were controlled as follows: presentation order of listening condition (real versus simulated environment), environment (A, B, C), and talker (2, 4, 5)
were counterbalanced across subjects; a given subject heard the same environment-talker schedule in both listening conditions; for a given talker-environment combination, the In evaluating the data, it should be kept in mind that the listening environments were intended to be typical of those experienced in daily life. Speech levels and SBRs were known to produce full intelligibility for conversational speech among the normal talkers and normal-hearing listeners that served in the study. Thus all scores were relatively high. The aspect of the data that was under scrutiny was the absolute and relative similarity of scores obtained in the real In addition, the difference between listening conditions was significant (p < 0.05) for all talkers except talker 2 and for all contrasts except ICP. Despite the difference in overall scores between the real and simulated environments, Fig. 2 also shows that the patterns of mean intelligibility scores across talkers and across contrasts were essentially the same in both conditions. Talkers 2 and 4 were generally more intelligible than talker 5 in both listening conditions and the ranking of scores for the four contrasts was also the same in the two conditions. The three-way interaction between listening conditions, talkers, and contrasts was also significant [F(6,114) Talker   tkr2   tkr4   tkr5   tkr5  tkr4  tkr2  tkr5  tkr2  tkr4   ,_   tkr5  tkr4  tkr2  tkr5  tkr2  tkr4  tkr5  tkr2  tkr4  tkr5  tkr2  tkr4  tkr5  tkr4  tkr2  tkr5  tkr4 Table III. The Table reveals that the environment B listening conditions produced a large number of significant differences among talkers and contrasts. Again, the overall pattern of the results across talkers and contrasts was similar for both real and simulated environments. However, note that, in the real environment data, the intelligibility of contrasts produced by talker 4 was significantly higher than those produced by the other talkers for all four contrasts, whereas this did not occur in the simulated environment. This is consistent with the earlier analyses. The real environment again resulted in a few more significant differences TABLE III. Results ofpost-hoc analyses of talker X contrast interactions in real and simulated environment B listening conditions. Scores increased from left to right. Underlining indicates scores that were not significantly different (a --0.05). Contrast   FCV  tkr5  tkr2  tkr4  tkr5  tkr2  tkr4  FCC  tkr2  tkr5  tkr4  tkr5  tkr4  tkr2  ICP  tkr5  tkr2  tkr4  tkr5  tkr4  tkr2  FCP  tkr2  tkr5  tkr4  tkr2  tkr4  tkr5   Talker   tkr2  FCP FCV  FCC  ICP  FCP  FCV  FCC  ICP   tkr4  FCP  FCV  FCC  ICP  FCP  FCV  FCC  ICP   tkr5  FCV  FCP  ICP  FCC  FCV  FCP  FCC  ICP   TABLE IV . Results ofpost-hoc analyses of talker X contrast interactions in real and simulated environment C listening conditions. Scores increased from left to right. Underlining indicates conditions for which scores were not significantly different (a = 0.05). Contrast   FCV  tkr5  tkr2  tkr4  tkr5  tkr4  tkr2   FCC  tkr5  tkr4  tkr2  tkr5  tkr2  tkr4  ICP  tkr4  tkr5  tkr2  tkr2  tkr4  tkr5  FCP  tkr5  tkr4  tkr2  tkr5  tkr2  tkr4   Talker   tkr2  FCP FCV  ICP  FCC  FCP FCV FCC ICP  tkr4  FCP  ICP  FCV FCC  FCP FCV FCC  ICP  tkr5  FCP FCV FCC  ICP  FCV  FCP were no significant differences between listening conditions in scores for any talker or any contrast. Although the differences in intelligibility across talkers were relatively small in environment C, it can still be seen that, overall, talkers 2 and 4 were more intelligible than talker 5 in both real and simulated environments. Also, the rankings of mean contrast scores were similar in both conditions. The three-way interaction (listening condition X talker X contrast) was not significant. However, comparison of talker X contrast interactions in the real and simulated environments required separate ANOVAs for each listening condition. Again, significant interactions were seen between talker and contrast scores in both analyses [real environment F(6,114) = 6.6, p <0.001; simulated environment F(6,114) = 6.7, p < 0.001 ]. Thepost-hoc test results for environment C data are given in Table IV. Examination of Table IV substantiates the impression from Fig.4 that there were relatively small differences in intelligibility across talkers in this environment: Only two contrasts (FCV and FCP) produced significantly different scores for different talkers. The pattern was exactly duplicated in both real and simulated environments. Within talkers, the real environment produced a few significant differences between contrasts that were not seen in the simulated environment, but the general pattern of contrast intelligibility was similar in the two listening conditions. Environment C was the only environment to produce a significant difference in the simulated condition that was not present in the real condition: FCC versus ICP for talker 5.
Real environment Simulated environment

III. DISCUSSION
The most global issue considered in evaluating the validity of the simulated environments was overall intelligibility: Were the simulations equal to the real settings in terms of the general ability to understand speech? Results showed that for environments B and C, the simulations were essentially equal to the real environments in this respect. However, we were surprised to note a discrepancy in difficulty between real and simulated environment A. Because this listening condition had a relatively good signal-to-babble ratio com-bined with little or no reverberation, we had assumed that it would be the easiest to simulate.
In an attempt to determine the basis for the difference in overall intelligibility between real and simulated environment A, we compared wideband spectrograms of utterances from both conditions. These analyses revealed that, despite the equivalent SBRs used in the two conditions, the recordings made in the real environment contained a somewhat higher level of background noise, spread across the entire spectrum. Because the noise was not present in the real environment, it must have been introduced by the recording equipment as a by-product of amplification required for the low levels in environment A. This effect was not as noticeable in recordings made in environments B and C because of the higher levels used in those settings. We hypothesize that this slight additional noise level produced the small but systematic difference in the overall intelligibility between the two environment A listening conditions. Despite this outcome, the general similarity in the pattern of results across real and simulated environments indicates that the simulation of environment A was fairly accurate.
Another factor under consideration was the relative intelligibility of different talkers in the real and simulated environments. Recall that the three talkers used in this study were chosen because, in the earlier study, one (talker 4) was highly intelligible in all three environments, another (talker 5) was relatively less intelligible in all three environments and the intelligibility of the third talker (2) varied across environments, being similar to that of talker 4 in environ- At present, we do not have an explanation for this outcome. It may be relevant to note that talker 4 was the only female talker and that her speech spectrum revealed relatively high levels in the 6-to 10-kHz frequency region (see Fig.  1 ). In the present investigation, the highest frequency region in which reverberation measurements were made was 4 kHz. This upper limit seemed appropriate because information in the frequency region above 4 kHz is relatively unimportant for intelligibility of average speech (Pavlovic, 1987) . However, it is possible that this high-frequency region is important for intelligibility in individual talkers. Perhaps a significant difference between the two environment B listening conditions in processing high-frequency information was responsible for the result seen for talker 4. Further studies, employing reverberation measurements at higher frequencies will be necessary to explore this matter.
Comparison of the lower panels of Figs. 1-4 indicates that, overall, the relative intelligibility of the four phonetic contrasts remained quite constant across real and simulated listening conditions for all three environments. Furthermore, the analyses of talker X contrast interactions depicted in Tables II-IV Except for the somewhat anomalous result for talker 4 in environment B, the main exceptions to the generally positive outcome of this study were a relatively small number of significant intelligibility differences that were seen in the real environments but not seen in the corresponding simulated environments. Irwin and McCauley (1987) reported that differences between simulated reverberant conditions were less than those between real reverberant conditions. The results of the present study were consistent with this observation and suggested that some intelligibility differences were less pronounced in all three of our simulated environments than they were in the corresponding real environments.
One factor that should be noted in assessing both the outcome and the implications of this investigation is the monaural nature of the listening task. Subjects listened monaurally, via earphone, in the real environment conditions and monaurally, with the nontest ear plugged, in the simulated environment conditions. Many hearing-impaired individuals wear only one hearing aid and in most cases they are essentially monaural listeners. Thus the conditions tested in this investigation are relevant to a large proportion of clinical hearing aid evaluations. However, extension of these findings to binaural listening conditions should be made with caution because of the potential for binaural interactions to differentially effect the SBR in real versus simulated environments.
Although the correspondence between real and simulated listening environments was less than perfect, the overall outcome of this investigation was encouraging regarding the feasibility of valid simulations of everyday listening environments in audiometric test rooms. These data indicate that, with appropriate adjustments of presentation level and signal-to-babble ratio, and with reverberation effects synthesized using relatively simple and widely available procedures, intelligibility distinctions that are observed in real environments usually can be validly reproduced in corresponding simulated environments. Thus score differences obtained in a simulated environment can be generalized with considerable confidence to the results that would be obtained for the same talker and the same speech material in the corresponding real environment. However, the fact that one talker's intelligibility underwent an unexpected deterioration in the simulated reverberant environment indicates that additional investigation is needed in this type of environment to more fully delineate possible interactions between talker intelligibility and simulation characteristics.
Finally, it should be recognized that, because the present study employed normal-hearing subjects, the results can be applied with full confidence only to other normal hearers. However, numerous studies in the literature suggest that normal-heating and hearing-impaired listeners tend to respond in a similar way to intelligibility differences produced by, for example, different talkers (Harris et al., 1961 ) , different reverberation conditions (Heifer and Wilber, 1990), different distortions (Lawson and Chial, 1982) and different transmission systems (Gabrielsson, Schenkman, and Hagerman, 1988). These studies lend support to a hypothesis that the results for normal hearers in the present study would also apply to hearing-impaired listeners.
